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Abstract: The noninvasive two-photon excitation autofluorescence imaging of cellular and
subcellular structure and dynamics in live tissue could provide critical in vivo information for
biomedical studies. However, the two-photon microscopy of short-wavelength endogenous
fluorophores, such as tryptophan and hemoglobin, is extremely limited due to the lack of
suitable imaging techniques. In this study, we developed a short-wavelength excitation time-
and spectrum-resolved two-photon microscopy system. A 520-nm femtosecond fiber laser was
used as the excitation source, and a time-correlated single-photon counting module connected
with a spectrograph was used to provide time- and spectrum-resolved detection capability. The
system was specially designed for measuring ultraviolet and violet-blue fluorescence signals
and thus was very suitable for imaging short-wavelength endogenous fluorophores. Using
the system, we systematically compared the fluorescence spectra and fluorescence lifetimes
of short-wavelength endogenous fluorophores, including the fluorescent molecules tyrosine,
tryptophan, serotonin (5-HT), niacin (vitamin B3), pyridoxine (vitamin B6), and NADH and the
protein group (keratin, elastin, and hemoglobin). Then, high-resolution three-dimensional (3D)
label-free imaging of different biological tissues, including rat esophageal tissue, rat oral cheek
tissue, and mouse ear skin, was performed in vivo or ex vivo. Finally, we conducted time-lapse
imaging of leukocyte migration in the lipopolysaccharide injection immunization model and a
mechanical trauma immunization model. The results indicate that the system can specifically
characterize short-wavelength endogenous fluorophores and provide noninvasive label-free 3D
visualization of fine structures and dynamics in biological systems. The microscopy system
developed here can empower more flexible imaging of endogenous fluorophores and provide a
novel method for the 3D monitoring of biological events in their native environment.

© 2023 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Endogenous fluorophores, which are fluorescent biomolecules inherent in tissues, can provide
fluorescent probing without perturbing the biological environment. Three-dimensional (3D)
imaging of endogenous fluorophores could allow for the noninvasive in vivo inspection of vital
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biological processes, such as metabolic changes, morphological alterations, and disease progress
[1]. Therefore, the visualization of endogenous fluorophores has attracted much attention in
the past decades, and many striking results have been obtained in biomedical research [2,3].
However, the 3D imaging of short-wavelength endogenous fluorophores that are in the ultraviolet
(UV) or violet-blue wavelength bands, such as tryptophan, keratin, and hemoglobin, still presents
challenges despite significant progress in fluorescence imaging techniques.

Single-photon excitation autofluorescence imaging methods, such as epi-fluorescence mi-
croscopy [4], confocal microscopy [5], and structured illumination microscopy [6], require UV
wavelength light to excite the short-wavelength endogenous fluorophores. The UV light usually
causes short penetration depth and a poor signal-to-noise ratio due to the considerable light
scattering in turbid tissue. Furthermore, the UV radiation-induced damage to biological samples
cannot be ignored, especially for in vivo studies. Therefore, single-photon excitation is not a
good choice for the fluorescence imaging of short-wavelength endogenous fluorophores.

Two-photon excitation fluorescence microscopy (TPEM), which inherently requires excitation
light with a wavelength nearly twice that of the one-photon excitation for a given fluorophore, has
evolved as a powerful intravital imaging tool for biomedical research [7,8]. TPEM has several
advantages, such as the 3D fluorescence imaging of living cells deep within thick, strongly
scattering samples and reduced phototoxicity and photodamage [9, 10]. However, the most
commonly used TPEM excitation source, Ti: sapphire femtosecond lasers, can only provide
light beyond 700 nm [11], which exhibits low excitation efficiency for UV fluorophores [12].
Therefore, most previous uses of TPEM for endogenous fluorophores focused on the reduced
nicotinamide adenine dinucleotide (NADH, absorption maxima at 730 nm) and the flavin adenine
dinucleotide (FAD, absorption maxima at 850 nm), which emit visible fluorescence [13].

To excite UV fluorophores, several strategies have been developed to obtain short-wavelength
femtosecond light, including the optical parametric oscillator (OPO) [14] or supercontinuum
generation from a photonic crystal fiber (PCF) [15]. Unfortunately, these methods all require a
pump source such as a Ti: sapphire laser, and the OPO system itself is sophisticated, bulky, and
expensive. Moreover, supercontinuum generation using a PCF is susceptible to environmental
variables, such as temperature and pump power, which easily result in unstable output power.
This will significantly affect the imaging fidelity because the two-photon excitation fluorescence
signal quadratically depends on the excitation power. To date, the need for a compact, stable,
and low-cost femtosecond light source for TPEM imaging of short-wavelength endogenous
fluorophores remains unmet.

In addition to efficient excitation, specific detection is also critical for fluorescence imaging.
However, the fluorescence spectra that are commonly used as indicators to identify different
fluorophores are usually broad and overlap with each other for short-wavelength endogenous
fluorophores. The fluorescence lifetime, which is defined as the average time a molecule spends in
an excited state before returning to its relaxed ground state, provides complementary information
for characterizing different fluorophores in the time domain. Therefore, the combination of
spectrum-resolved detection and time-resolved detection could empower the exact interrogation
of endogenous fluorophores [16], although it has not yet been systematically explored in the
short-wavelength band.

In this study, a short-wavelength excitation time- and spectrum-resolved TPEM system was
constructed. A compact and stable mode-locked fiber laser with a center wavelength of 520 nm
was equipped as the excitation source to efficiently excite the short-wavelength endogenous
fluorophores, and a time-correlated single-photon counting (TCSPC) module connected to a
spectrograph was used to detect the fluorescence spectra and fluorescence lifetime simultaneously.
Using this system, we systematically assessed the fluorescence lifetime and spectral characteristics
of pure chemical samples, including the fluorescent molecules tyrosine, tryptophan, serotonin
(5-HT), niacin (vitamin B3 (VB3)), pyridoxine (vitamin B6 (VB6)), and NADH, and the
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protein groups of keratin, elastin, and hemoglobin, which comprise the typical short-wavelength
endogenous fluorophores in biological tissues. Next, we explored the distribution of the short-
wavelength endogenous fluorophores in the esophageal wall based on their unique spectral and
lifetime characteristics. Finally, we performed 3D imaging of mouse skin and rat oral mucosa
and captured leukocyte migration in the mouse ear pinna in vivo based on short-wavelength
endogenous fluorophores. The dynamics of leukocyte recruitment and accumulation in the
microenvironment of typical immune responses (lipopolysaccharide [LPS] injection or mechanical
trauma) were elucidated. We believe that this study could substantially extend the flexibility of
3D autofluorescence imaging and provide a novel means for the noninvasive TPEM of biological
samples and events.

2. Materials and methods
2.1.  Microscope setup

In this study, a short-wavelength excitation time- and spectrum-resolved TPEM system was
constructed. A home-built short-wavelength mode-locked femtosecond laser was used as the
excitation source. The details about the laser can be found in our previous work [17]. In brief,
based on a 1040-nm self-phase modulated mode-locked fiber laser, 520-nm short-wavelength
femtosecond laser pulses were generated by laser frequency doubling with a lithium triborate
(LBO) nonlinear crystal. The pulse repetition frequency was 60.7 MHz, the pulse duration was
106 fs, and the maximum average output power was about 500 mW.

The system diagram is shown in Fig. 1(a). First, the 520-nm laser beam exiting the home-built
laser was raster scanned by two galvanometer mirrors (TSH-8203 M, Sunny Technology, China),
which were conjugated by a relay system (L1 and L2), for two-dimensional imaging. After the
scanning, the laser beam passed through a scan lens (CLS-SL, Thorlabs), a tube lens (AC254-200-
B, Thorlabs), and a dichroic mirror (FF510-Di01, Semrock), and then was focused on the sample
by a water immersion objective (UApoN340, 40x, NA 1.15, Olympus). The epifluorescence
signals were collected by the same objective and split from the excitation laser with the dichroic
mirror above. Furthermore, the residual excitation light was removed with a band-pass filter
(FF01-405/150-25, Semrock). After the filter, the fluorescence signals were conducted to a
spectrograph via a fiber bundle for spectral recording. The detector of the spectrograph was
a 16-channel linear-array photomultiplier tube (PMT, PML-16-0-C, Becker & Hickl GmbH).
The 16 channels covered a spectral range of 300—500 nm with an interval of 12.5 nm. Finally, a
time-correlated single-photon counting module (TCSPC, SPC-150NX, Becker & Hickl GmbH)
was connected to the detector to record the fluorescence decay curve of each spectral band
into 256-time channels. The full width at half maximum (FWHM) of the system’s instrument
response function was ~220 ps, which was measured by recording the reflected femtosecond laser
pulses. For 3D imaging, the imaging depth was controlled by axially translating the objective
using an actuator.

To improve the fluorescence collection efficiency of the microscopy system, the back aperture
of the objective lens was conjugated to the end face of the aforementioned fiber bundle using a
specially designed 4f system (L3 and L4 in Fig. 1(a)). The 4f system consisted of a pair of fused
silica single lenses with focal lengths of 200 mm (L3) and 35 mm (L4). In addition, to avoid the
interference of 520 nm laser-excited fluorescence noise from sample immobilization equipment,
this work used low-autofluorescence, transparent, and colorless coverslips (CG15KH, Thorlabs)
in sample preparation.

The imaging resolution was measured using 0.1-um diameter microspheres (F8797, Thermo
Fisher Scientific). Figure 1(b) and (c) show the five microspheres’ average intensity profiles in
the x-y and x-z planes. The profiles were fitted with the Gaussian function and the extracted
FWHMs were 245 nm and 423 nm for the x-y and x-z planes, respectively. The imaging field of
view was 256 um X 256 um. The z-scanning step size of 3D imaging was 3 um. The fluorescence
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Fig. 1. (a) Scheme of the short-wavelength excitation time- and spectrum-resolved two-
photon microscope. PBS, polarization beam splitter; L, lens; DM, dichroic mirror; FB, fiber
bundle; PMT, photomultiplier tube; TCSPC, time-correlated single-photon counting. (b)
The lateral and (c) axial resolutions were measured using 0.1 um-diameter microspheres.

collection time of each frame of time- and spectrum-resolved image with 256 x 256 pixels was 8
s for in vitro imaging and 16 s for in vivo imaging to guarantee a high signal-to-noise ratio. The
excitation power is about 2-5 mW for the pure fluorophore measurement and about 10-60 mW for
the biological tissue measurement. To overcome the attenuation of the excitation light by the
tissue, the laser power was gradually increased with increasing imaging depth. The maximal
laser power after the objective was controlled at <60 mW at the largest imaging depth of ~183
um (Fig. 4(f)). There was no obvious photodamage or photobleaching observed during the
experiment.

2.2. Preparation of the pure samples of endogenous fluorophores

To obtain the accurate fluorescence spectra and lifetime characteristics of short-wavelength
endogenous fluorophores, the pure chemical samples of the main intrinsic biological emitters in
the UV or violet-blue wavelength bands were measured. These compounds were tryptophan,
tyrosine, serotonin (5-HT), niacin (VB3), pyridoxine (VB6), NADH, keratin, elastin, and
hemoglobin. For measurement, 4 mg tryptophan (T0254, Sigma-Aldrich), 1 mg tyrosine (T3754,
Sigma-Aldrich), 1 mg serotonin (bs-1126P, Bioss), 50 mg pyridoxine (BN20262, Biorigin), 20 mg
NADH (10107735001, Sigma-Aldrich), 10 mg niacin (N814566, Macklin), and 50 mg elastin
(E920946, Macklin) were dissolved in 1 mL phosphate-buffered saline (PBS, pH 7.2) individually.
A 5% keratin solution (K862557, Macklin) was directly purchased and measured.

Hemoglobin was extracted from the blood of BALB/c mice as previously reported [15]. First,
the red blood cells were washed with a large amount of PBS and centrifuged at a low speed of
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3000 rpm to make the large red blood cells sink to the bottom. Next, plasma and other impurities
were removed from the upper layer of the centrifuge. Third, deionized water and toluene were
added to the red blood cell solution in a volume ratio of 1:1:0.4 to release the hemoglobin in
red blood cells. After standing for 24 hours, the solution was centrifuged at a high speed of
15,000 rpm, and the underlying hemoglobin solution was collected for measurement.

2.3. Preparation of the tissue samples

For ex vivo experiments, fresh esophageal tissues and oral tissues were excised from adult WKY
rats (12-week-old, male) after euthanasia. The sample surface was washed with PBS several
times to remove the impurities such as food residue. Then, the sample was sandwiched between
a coverslip and a microscope slide for imaging while immersed in PBS to prevent dehydration.

For in vivo experiments, BALB/c mice (6-week-old, male) were used and normal and stimulated
mouse ear skin were imaged. Specifically, the mice were anesthetized using the intraperitoneal
injection of ketamine (100 mg/kg) and xylazine (15 mg/kg) mixture. Then, depilatory cream was
utilized on the ear skin to remove the hair and thus exclude the interference signal from the hairs.
Afterward, the ear was washed with PBS and flattened on the sample table using double-sided
tape. Finally, the skin was gently covered with a coverslip for imaging.

Stimulation was induced after ear immobilization and before covering the coverslip. Two
kinds of stimulations were performed in this study to establish immunization models. The first
stimulation was the LPS injection. As described in the previous study [18], 10 ug LPS was
subcutaneously injected into the mouse ear pinna to induce inflammation. The second stimulation
was mechanical trauma, in which the ear pinna was pricked using a needle stick gently without
obvious bleeding.

For each imaging study, at least three independent experiments were performed, and all the
experimental procedures were approved by the Institutional Animal Care and Use Committee,
Shenzhen Institute of Advanced Technology (Ethics Approval No. SIAT-IACUC-20210304-
YGS-SWGXYJZX-LH-01).

2.4. Data analysis

For the spectral analysis of the chemical samples, the spectral curves were obtained by integrating
the photons in each channel of the PMT arrays. For the spectral analysis of biological tissues,
spectrum-coded images were created according to the following strategy. First, a specific RGB
color was assigned to a given spectral channel. Second, the color-weighted intensity image of the
channel was calculated by multiplying the intensity of each pixel with the RGB color. Third,
the 16 color-weighted intensity images were combined to obtain a spectrum-coded image. The
abovementioned analyses were performed using custom MATLAB programs.

For fluorescence lifetime analysis, the measured fluorescence decay curve (F(t) = f(¢) = R(t))
was deconvolved with the instrument response function of the imaging system (R(7)) and

subsequently fitted with a single-exponential decay function (f (t) =aje Tl ) for small-molecule

chemical samples or a bi-exponential decay function (f(r) = aje” Ty ae > ) for protein chemical
samples and biological samples. In these equations, 71 and 7, are the time-decay constants, while
a1 and a; are the respective amplitudes of the decay terms. The mean fluorescence lifetime is
defined as 7,, = (@171 + @212)/(@1 + @2). The fluorescence lifetime-coded images were produced
with SPCImage software (Becker & Hickl).
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3. Results

3.1. Spectral and temporal characteristics of short-wavelength endogenous fluo-
rophores

In this study, a 520-nm excitation time- and spectrum-resolved TPEM system for imaging of short-
wavelength endogenous fluorophores was constructed. To assess the availability of the system
and obtain the accurate fluorescence characteristics of short-wavelength endogenous fluorophores
upon 520-nm two-photon excitation, this work systematically measured and compared the
fluorescence spectra and fluorescence lifetimes of the main intrinsic biological emitters in the UV
or violet-blue wavelength bands. These fluorophores included tryptophan, tyrosine, serotonin
(5-HT), niacin (VB3), pyridoxine (VB6), NADH, keratin, elastin, and hemoglobin. Tyrosine
and tryptophan are aromatic amino acids that exist in many types of proteins [8,12]. Serotonin
is the indoleamine derivative of tryptophan [19]. Serotonin is a chemical messenger that is
believed to act as a mood stabilizer. NADH is a kind of coenzyme that acts as an electron donor
in oxidation-reduction reactions. Niacin (VB3) is a precursor of NADH. Pyridoxine is a form of
VB6 that is necessary to properly function sugars, fats, and proteins in the body. Elastin and
keratin are fibrous proteins that provide structural support for cells and tissues. Hemoglobin is a
protein in red blood cells that carries oxygen. Our previous study found that 520-nm femtosecond
light effectively excited the two-photon fluorescence of hemoglobin [17].

The aforementioned fluorophores were divided into two groups: the small molecule group,
which consisted of tyrosine, serotonin (5-HT), tryptophan, niacin (VB3), pyridoxine (VB6),
and NADH, and the protein group, which consisted of keratin, elastin, and hemoglobin. The
normalized fluorescence spectra of the small molecules and the proteins are shown in Fig. 2(a)
and (b), respectively. The fluorescence spectra of small molecules were relatively simple and
stable. For example, the emission peak of tryptophan was at 350 nm, and the emission peak
of tyrosine was below 320 nm, which was consistent with the literature [20]. As a tryptophan
derivative, serotonin showed a tryptophan-like fluorescence emission with a peak at about
335 nm. The maximum fluorescence emission peaks of VB3 and VB6 were 420 nm and 400 nm,
respectively, which was consistent with previous reports that vitamins and their derivatives had
visible fluorescence (400-500nm) [8]. NADH also exhibited a blue fluorescence emission
maximum at 450 nm, which was probably due to the reduced nicotinamide ring of NADH [21].

Compared with the stable fluorescence spectra of small molecules, the fluorescence spectra of
proteins were more complicated due to the complex molecular energy structure. Usually, the
fluorescence emission peak of proteins varies with the excitation wavelength [1,22]. For example,
previous studies reported that the fluorescence of keratin peaked at 350 nm upon one-photon
excitation at 275 nm and peaked at 440 nm upon excitation at 350 nm [23]. In this study, the
fluorescence emission peak of keratin was located at 340 nm under two-photon excitation of
520 nm, which was blue-shifted compared with the one-photon excitation of 275 nm. The cause
of this result was not fully understood, but this finding was probably due to the complex aromatic
amino acid fluorescent cross-linking in the protein structure as reported in the literature [24].
Similar to keratin, elastin also has cross-links in its structure [25]. The measurement obtained in
the present study showed that elastin exhibited an emission maximum at 400 nm and a small
peak at 480 nm under two-photon excitation of 520 nm. The 400-nm peak resembled that of VB6.
This was mainly due to the fact that both elastin and VB6 have the pyridinoline group, which
exhibits a 400-nm emission maximum upon one-photon excitation at the UV band [26]. The
small peak at 480 nm may have corresponded to pyridinoline aggregates [8,27]. The fluorescence
emission spectrum of hemoglobin exhibited two peaks under 520 nm excitation. One was located
at 435 nm, which was consistent with our previous study [15], and the second was located at
about 340 nm. The second peak was probably associated with the presence of aromatic amino
acids in hemoglobin [28,29].
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Fig. 2. Fluorescence characteristics of short-wavelength endogenous fluorophores. (a)
Fluorescence spectra of small molecules. (b) Fluorescence spectra of proteins. (c)
Fluorescence intensity decay curves of small molecules. (d) Fluorescence intensity decay
curves of proteins. Vb3, vitamin B3 or niacin; Vb6, vitamin B6 or pyridoxine.

In addition, the fluorescence lifetime can provide complementary information about the
molecular configuration and the microenvironment. Figure 2(c) and (d) show the fluorescence
intensity decay curves of the fluorophores mentioned above. To calculate the fluorescence
lifetime, the fluorescence decays of small molecules could be fitted using a single-exponential
model, whereas the decays of proteins should be fitted with a bi-exponential model considering
their complex structure. Table 1 summarizes the calculated fluorescence lifetime values. It
was obvious that tyrosine, tryptophan, and serotonin had relatively long fluorescence lifetimes
at 3.0ns, 2.4ns, and 3.2 ns, respectively, whereas VB3 and VB6 and their derivatives like
NADH exhibited a short lifetime of ~0.5 ns. These results were consistent with previous reports
[19,30-34]. However, keratin exhibited a short lifetime of 0.24 ns in the experiment, which was
different from the previously reported 1.4 ns [35]. This was probably due to the difference in pH
values. The keratin solution used in the present study was directly purchased from Macklin, and
its pH was ~5.6. Elastin had a long fluorescence life of 2.17 ns with a short lifetime component of
0.78 ns (close to the fluorescence lifetime of vitamins) and a long lifetime component of 3.54 ns
(close to the fluorescence lifetime of amino acids). This indicated that in addition to vitamin
(pyridinoline) cross-links, there were other luminescent cross-links, which may have been amino
acid cross-links, in the elastin [8,25]. Hemoglobin showed an extremely short fluorescence
lifetime that was close to the detector response time, consistent with the previous study [15].

These results suggest that the 520 nm excitation time- and spectrum-resolved TPEM system
developed herein can enable the specific characterization of short-wavelength endogenous
fluorophores, and the measured fluorescence characteristics of pure fluorophores would provide
an important reference and guidance for the label-free imaging of biological tissues and events.



Research Article Vol. 14, No. 7/1 Jul 2023/ Biomedical Optics Express 3387 |

Biomedical Optics EXPRESS o~

Table 1. Fluorescence lifetime values of short-wavelength
endogenous fluorophores.

Chemical Concentration Tm ()

Tyrosine PBS: 1 mg/mL 3.04

Tryptophan PBS: 4 mg/mL 2.44

Serotonin PBS: 1 mg/mL 3.16

VB3 PBS: 10 mg/mL 0.62

NADH PBS: 20 mg/mL 0.52

VB6 PBS: 50 mg/mL 0.49

Keratin 5% 0.24 (t1=0.10, 7, =1.76)
Elastin PBS: 50 mg/mL 217 (t1=0.78, 7, =3.54)

3.2.  Identifying short-wavelength endogenous fluorophores in the epithelial tissue

After testing on pure fluorophores, we further attempted to identify the short-wavelength
endogenous fluorophores in biological tissues. The esophageal wall, which has a complex layered
structure with abundant structural components, including epithelial cells, muscle fibers, collagen
fibers, and elastin fibers (Fig. 3(a)), is an ideal tissue for exploring and interpreting endogenous
fluorophores in epithelial tissues. The inner surface of the esophageal wall is the keratinized
epithelium (KE) formed due to the long-term mechanical friction with food. Underlying the
KE is a layer of nonkeratinized flat epithelium called the stratified squamous epithelium (SE).
Further down is the lamina propria (LP), with loose connective tissue and abundant capillaries.
Adjacent to LP is the muscularis propria (MP), which creates the wave-like peristalsis that
moves food boluses down the esophagus and into the stomach. Underlying the MP is the fibrosa
(FB), the outermost layer of the esophageal wall (Fig. 3(a)). Figure 3(b) shows corresponding
autofluorescence TPEM images of each layer of the esophageal wall. The TPEM intensity images
(the left column in Fig. 3(b)) only provided general morphological features, whereas the spectral
and lifetime images (the middle and right columns in Fig. 3(b)) provided detailed structures, such
as the elastin fibers (green, ROI3 and ROI6) and blood vessels (red, ROI4) in the LP layer.

In addition to morphological information, the spectral and lifetime images also revealed the
biochemical properties of the esophagus. The KE, SE, and MP layers were found to have very
similar fluorescence spectra with the maximum emission peaks concentrated at 335 nm (Fig. 3(c)).
This emission peak was mainly attributed to tryptophan, which is widely present in tissues as an
important protein building block. However, there was a blue shift between these spectra compared
with the spectrum of the pure chemical tryptophan (Fig. 3(d)). The cause of this difference was
not fully understood, although it may have been due to the effect of the tissue microenvironment,
which can change the fluorescence quantum yield, spectral peak position, and line width [22]. It
should be emphasized that, rather than the keratin aqueous solution, the keratin-filled epithelial
cells, including keratinocytes (ROI1) and squamous cells (ROI2), showed characteristic spectra
more consistent with that of tryptophan despite the blue shift (Fig. 3(d)). This may have been
attributed to the tryptophan residues present in the protein [36], suggesting that keratinization did
not change the tryptophan residues in esophageal epithelial cells. By contrast, there was another
weak emission peak around 400 nm in the LP and FB layers, except for the 335 nm emission
peak of tryptophan (Fig. 3(c)). The weak peak may have been contributed by the elastin because
it was similar to the emission spectrum of pure elastin, although with a blue shift (Fig. 3(e)).
Notably, NADH is also present in cells, but very little NADH fluorescence was observed in the
esophageal tissue (Fig. 3(c)), indicating that NADH exhibited a much weaker emission compared
with tryptophan under 520-nm excitation.
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Fig. 3. Identifying short-wavelength endogenous fluorophores in the esophageal wall. (a)
The layered structure of the esophageal wall. (b) Autofluorescence two-photon microscopy
images of each layer of the esophageal wall (left column: intensity images; middle column:
color-coded spectral images; right column: color-coded lifetime images). The KE, SE,
and LP layers were measured from the inner surface outwards, while the MP and FB were
measured from the outer surface inwards. Scale bar: 50um. Six different regions of
interest were selected from different layers: keratinocytes (ROI1), squamous epithelial cells
(ROI2), blood vessels (ROI4), elastin fibers (ROI3 and ROI6) and muscle fibers (ROIS5). (c)
The fluorescence spectra of each layer. (d) Comparison of fluorescence spectra between
keratinocytes (ROI1), squamous epithelial cells (ROI2), and muscle fibers (ROI5) with pure
keratin and tryptophan. The ROIs were marked out by the yellow stars in (b). (¢) Comparison
of fluorescence spectra between elastin fibers (ROI3 and ROI6 marked out by the yellow
stars in (b)) with pure tryptophan and elastin. (f) Fluorescence intensity decay curves of
each layer. (g) Comparison of fluorescence intensity decay curves between keratinocytes
(ROI1) and squamous epithelial cells (ROI2) with pure keratin and tryptophan samples. (h)
Comparison of fluorescence intensity decay curves between muscle fibers (ROIS) and pure
tryptophan sample. (i) Comparison of fluorescence intensity decay curves between vessels
(ROI4) and pure hemoglobin (Hem) sample. (j) Comparison of fluorescence intensity decay
curves between elastin in ROI3 and ROI6 with pure tryptophan and elastin samples.

In addition to the fluorescence spectra, the fluorescence intensity decays (reflecting the
fluorescence lifetime information) of different layers of the esophageal wall were analyzed
(Fig. 3(f)). Similar to the spectra, the fluorescence lifetimes of the KE, SE, and MP layers
were nearly the same, while the fluorescence lifetimes of LP and FB were relatively longer. By
comparing the findings with the fluorescence decay curves of pure chemicals, it was inferred that
the autofluorescence of KE, SE, and MP mainly came from tryptophan, whereas the sources of
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LP and FB autofluorescence were tryptophan and elastin (Fig. 3(g), (h), and (j)), as demonstrated
by the fluorescence spectra above (Fig. 3(d) and (e)). The slight difference in fluorescence
lifetimes between keratinocytes (ROI1, KE), squamous cells (ROI2, SE), and muscle fibers
(ROIS, MP) with pure tryptophan was ascribed to the different number of tryptophan residues and
the interaction between tryptophan residues with neighboring amino acids in different proteins
[37]. In addition, abundant vascular structures (ROI4) were distinguished based on their short
fluorescence lifetime, which was close to that of hemoglobin, in the LP (Fig. 3(i)), indicating that
the hemoglobin was the dominant fluorophore in the blood vessels when excited at 520 nm.

It should be noted that, although the fluorescence spectrum and lifetime usually provide
overlapping biochemical information for tissues, they are still highly complementary. For example,
compared with the fluorescence spectrum, the fluorescence lifetime of some fluorophores showed
stronger consistency between the environment in tissue and pure solution (Fig. 3(d) vs. Figure 3(g)
and (h)). The fluorescence lifetime could expose vascular structures in tissues clearly, which was
not possible for the fluorescence spectrum (Fig. 3(b) and (i)). Finally, the fluorescence spectrum
was superior to the fluorescence lifetime in the determination of the chemical components of
mixed fluorophores with distinct spectral peaks because matching characteristic spectral peaks
with the corresponding fluorophores was simple and direct (Fig. 3(e) vs. Figure 3(j)). Therefore,
integrating the fluorescence spectrum and lifetime could more accurately reveal the biochemical
properties of cells and tissues relative to using a single method.

In summary, the abovementioned experimental results illustrate that the combination of the
spectrum- and time-resolved signals in the 520 nm-TPEM system developed in this work could
better reveal the fine structures (keratinocytes, squamous epithelial cells, elastic fibers, and
muscle fibers) and molecular compositions (tryptophan, keratin, elastin, and hemoglobin) of the
esophageal wall as well as how they relate to each other.

3.3.  High-resolution 3D imaging of skin and mucosa with short-wavelength endoge-
nous fluorophores

To further assess the versatility of the short-wavelength TPEM system for the label-free high-
resolution 3D imaging of biological tissues, we captured time- and spectrum-resolved images
from mouse skin in vivo and rat oral mucosa ex vivo without applying any exogenous fluorescence
agents. For the mouse skin, the fluorescence intensity images (the top row in Fig. 4) revealed
the cellular and subcellular structures at different depths. The spinosum layer composed of flat
polygonal cells with large round dark nuclei was observed at a depth of 12 pm from the skin
surface (Fig. 4(a)). Below the spinosum layer, the granulosum layer, which has a honeycomb
pattern and is located 21-54 pm below the surface, was exposed (Fig. 4(b)). As the imaging
depth increased, the next layer, the papillary dermis, appeared from a depth of 57 um (Fig. 4(c)
and (d)). The perforated structure was identified as a hair follicle (white arrows in Fig. 4(b) and
(c)). In the dermis, dermal cells (mainly round/elliptical mast cells, yellow arrows in Fig. 4(c)
and (d)), and tubular structures (orange arrows in Fig. 4(d)) were seen.

Compared with the intensity images, the color-coded fluorescence spectral and lifetime images
(the middle and bottom rows in Fig. 4) provided more detailed information about the biophysical
properties of the skin tissue. The fluorescence spectrum peaking at 350 nm indicated that the
intracellular fluorescence signal was dominated by tryptophan, which may have originated from
protein components in the cytoplasm. From the fluorescence lifetime images, the short lifetime
(red color) of hemoglobin made capillaries (magenta arrows in Fig. 4(c)—(e)) distinguishable
from the surrounding long-lifetime (green color) tissues compared with the spectrum-resolved
images and the intensity images. Even at the greatest imaging depth with significantly blurred
tissue morphology, the blood vessels were still easily identified (Fig. 4(f)). The green (long
lifetime) tubular structures (orange arrows in Fig. 4(d)) next to the red capillaries may have been
lymphatic vessels, which needs to be confirmed with further investigation.
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Fig. 4. Three-dimensional autofluorescence two-photon microscopy imaging of mouse
skin in vivo. Intensity images (top), color-coded spectral images (middle), and color-coded
lifetime images (bottom) reveal the structure of the (a) spinosum, (b) basal cell layer, and
(c)-(f) dermis (see Visualization 1). The white, yellow, magenta, and orange arrows point
to hair follicles, dermal cells, blood vessels, and suspected lymphatic vessels, respectively.
Scale bar: 50 um.

For the imaging of the rat oral mucosa, the oral cheek tissue was freshly excised from a rat and
the tissue facing the cheek pouch was measured. As shown in Fig. 5(a), the outermost layer of
the oral mucosa was composed of keratinized cells. At 27 um below the stratum corneum, the
superficial layer of the stratified squamous epithelium was composed of incomplete keratinized
flat cells (Fig. 5(b)). Beneath these cells were polygonal spinous layer cells, and the deepest
columnar basal layer close to the epidermal-dermal junction appeared at 48 pm below the mucosa
surface. At a depth of 72 um, capillaries were observed in the fluorescence lifetime image (the
middle column in Fig. 5(c)).

3.4. Intravital label-free time-lapse imaging of cell motility

3.4.1. Capturing single red blood cells and leukocytes flowing in the microvessels by fluores-
cence lifetime imaging

Time-lapse imaging of leukocyte dynamics is of great importance for biological studies, especially
immunology research. Therefore, an immunization model of LPS injection was created to verify
whether the system developed in this work could visualize and identify the leukocytes non-
invasively. As shown in Fig. 6, about three hours after the subcutaneous injection of LPS,
leukocytes arrested in a blood vessel were captured. The dynamic process of leukocyte arrest
took ~15 min and was presented by snapshots at six-time points (see details in Visualization 2).
The images have been color-coded with fluorescence lifetime values so that the short fluorescence
lifetime appears red, and the long fluorescence lifetime appears blue. As shown in Fig. 6(a) and
(b), a short-fluorescence-lifetime (red pseudo-color) red blood cell (R, marked out with magenta
circles) and a long-fluorescence-lifetime (blue pseudo-color) leukocyte (L1, marked out with
yellow circles) flowed normally in the capillary at the beginning. Once the leukocyte L1 was
stagnant in the capillary (Fig. 6(c)), the following red blood cells gradually formed a thrombus
behind it (Fig. 6(d)). Subsequently, leukocyte L2 was also blocked (Fig. 6(e) and (f)). These
results demonstrate that the efficient two-photon excitation of hemoglobin and tryptophan at
520 nm and the distinct lifetimes of the two fluorophores could significantly facilitate the accurate
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Fig. 5. Two-photon autofluorescence imaging of rat oral mucosa ex vivo. (a) Stratum
corneum, (b) stratified squamous epithelium, and (c) the lamina propria were shown. Left
column: fluorescence intensity images; the middle column: fluorescence lifetime images;
the right column: fluorescence spectral images. Scale bar: 50 um.
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Fig. 6. Time-lapse autofluorescence lifetime imaging of the inflammation microenvironment
after LPS subcutaneous stimulation (see Visualization 2). The arrest of intravascular
leukocytes was recorded non-invasively in vivo. L1, L2: leukocytes marked with yellow
circles; R: red blood cells marked with magenta circles. The time is shown at the corner of
each panel as min:s. Scale bar: 20 um.
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Fig. 7. In vivo autofluorescence imaging of the inflammation response post-pinprick
challenge in mouse ear pinna. (a) A frame of fluorescence lifetime image of the inflammation
microenvironment. Scale bar: 50 um. (b) Comparison of the fluorescence intensity decay
curves of the injured area (indicated by a white arrow) and the surrounding area (marked
by a white square). (c) A frame of fluorescence spectral image of the inflammation
microenvironment. Scale bar: 50 um. (d) Comparison of the fluorescence spectral curves
of the injured area (indicated by a yellow solid rectangle area), hemoglobin (Hem), and
tryptophan (Trp). (e) The multi-color overlay of images recorded at t; =0 (red), tp =02:08
(green), and t3 =04:16 (blue) taken from Visualization 3 reveals the active movement of
the suspected leukocytes. For static structures, the three colors are superimposed as white,
while mobile structures are colorful. (f)—(k) Time-lapse images of the solid rectangle area
in (e). Typical amoeboid-manner crawling (f—i) and interaction (j—k) of leukocytes (see
Visualization 3 for the full process). The time is shown at the corner of each panel as min:s.
Scale bar: 20 pm.
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and noninvasive identification and visualization of red and white blood cells in vivo. Here, only
the fluorescence lifetime images were presented, because the fluorescence lifetime information is
already enough to provide easy and clear discrimination between the red blood cells and white
blood cells in the capillaries.

3.4.2. Monitoring mobile cells’ amoeboid movement and interaction in the interstitial space after
mechanical trauma

Mechanical trauma is another important and widely used immunization model. In this study,
time-lapse imaging of this kind of model was also performed, and the dynamics of mobile cells’
movement and interaction with each other in the dermis after the pinprick challenge of the mouse
ear pinna were captured. As shown in Fig. 7(a), the damaged area (indicated by the white arrow)
exhibited a remarkably shorter fluorescence lifetime relative to the surroundings. A comparison
of the fluorescence intensity decays is presented in Fig. 7(b). Although the causes of the decrease
in the lifetime of the injured point were not fully understood, this result was probably due to the
leaked hemoglobin from damaged or dilated capillaries. In addition, vasodilation occurred in the
area around the injured point, which led to increased blood volume and vascular permeability
and thus caused blood leakage from the vessels. As shown in Fig. 7(c) and (d), the spectral
curve in the pinpricked area was close to the hemoglobin solution. Moreover, a large number of
mobile cells were observed next to the injured area (see Fig. 7(c) and Visualization 3), which may
have been the leukocytes recruited to the wound. Typical amoeboid-manner crawling of these
leukocytes and their folding, deforming, and interaction were captured in vivo (see Fig. 7(d)—(i)
and Visualization 3). These results further verified the ability of the system developed in this
work to monitor immune response in the native tissue environment.

4. Discussion

In this study, a short-wavelength (520 nm) excitation time- and spectrum-resolved TPEM system
was developed that not only enabled the label-free 3D visualization of cellular and subcellular
structures but also provided noninvasive time-lapse imaging of dynamic processes in biological
systems. Ascribed to the 520-nm excitation, this system efficiently imaged short-wavelength
endogenous fluorophores without UV damage, which usually appears in single-photon excitation
systems. Furthermore, this system penetrated deeper into biological tissues compared with
confocal systems due to its two-photon excitation scheme. Therefore, this system is extremely
suitable for the visualization of biological processes in live tissues.

To explore the utility of the system, we first measured and compared the fluorescence
characteristics of pure endogenous fluorophores that emit ultraviolet and violet-blue fluorescence,
mainly including tryptophan, tyrosine, serotonin (5-HT), niacin (VB3), pyridoxine (VB6), NADH,
keratin, elastin, and hemoglobin. The results demonstrate that combining the fluorescence
spectrum and lifetime imaging modes in conjunction with the spectral and lifetime analyses
could better characterize and discriminate short-wavelength two-photon excited endogenous
fluorophores relative to using a single mode. Fluorophores with similar spectra but different
fluorescence decay times, such as tryptophan and keratin, elastin and VB6, as well as fluorophores
with different spectra but similar fluorescence decays, such as tryptophan and elastin, can be
clearly differentiated (Fig. 2). Subsequently, different biological tissues were visualized, including
rat esophagus tissue ex vivo, rat oral cheek tissue ex vivo, and mouse ear skin in vivo. The results
show that this system can provide high-resolution 3D morphological information as well as
physicochemical information for biological systems without administrating any extra fluorescent
agents.

Moreover, this TPEM system can be used to noninvasively monitor leukocyte trafficking in vivo
together with lifetime measurement over time due to its high excitation and detection efficiency
of endogenous fluorophores. It should be noted that although the fluorescence intensity image
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could visualize the subcellular structures, the fluorescence lifetime information of tryptophan and
hemoglobin can be used to distinguish the red and white blood cells as well as the location of the
wound and normal tissues. Lin et al. developed a similar TPEM system to image tryptophan
fluorescence based on an OPO light source. They demonstrated the capability of the system to
perform the label-free imaging of immune cells, including leukocyte trafficking and the immune
response of skin mast cells in vivo [38—40]. However, the system design was based on intensity
detection alone. As a result, it can only provide gray-intensity images without fluorescence
spectral and lifetime information. By contrast, the system developed in the present work can
provide both morphological and functional information to study complex immune responses in
skin inflammatory microenvironments due to its fluorescence spectral and lifetime detection
ability. As mentioned above, the fluorescence spectral and lifetime information can serve as
important parameters in studying the effect of chemical factors such as pH, ions, and molecularity
in biological systems.

In addition, it should be noted that although the system developed herein can image 3D
subcellular structures and dynamic microcirculation in vivo, the system still has some limitations.
First, the imaging depth is limited due to the short wavelength of excitation compared with
conventional TPEM, which uses a NIR laser as the excitation source. As a result, only superficial
tissues were investigated in this study. This problem may be partially solved by increasing
tissue transparency or adopting adaptive optics in future studies. Second, high-NA and high-
transmittance objective lenses in the UV band are scarce. The shortest wavelength signal that
could be collected using the objective in the present study was about 320 nm, and thus some deep
UV signals, such as the second harmonic generation signals of collagen fibers, were lost. We
believe that a specially customized UV objective would significantly benefit the performance
of our TPEM system. Alternatively, if we combine this visible light TPEM with near-infrared
excitation, the imaging capability of the two-photon excitation autofluorescence FLIM system
will be extended to almost all known endogenous fluorophores such as NADH, FAD, etc., besides
second harmonic generation imaging of collagen fibers. In addition, 520 nm can also excite
the one-photon fluorescence of some fluorophores. The combination of one- and two-photon
excitation at 520 nm may provide comprehensive detection of endogenous fluorophores. Third,
the results presented in this study are all based on non-independent fluorescence spectral and
lifetime analysis. In the future, we hope that the data analysis methods would be updated to
provide non-overlapping fluorescence spectrum and fluorescence lifetime information. The
advance would enable more precise fluorophore identification and more subtle biological studies.

5. Conclusions

In summary, this work developed a short-wavelength (520 nm) excitation time- and spectrum-
resolved TPEM system and demonstrated that this system effectively excited and detected
short-wavelength endogenous fluorescence signals in biological tissues. We anticipate that the
system developed herein could extend the adoption of endogenous fluorophores into blue and
even UV bands and provide a novel method for the 3D imaging of biological events in their native
environment.
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